Tetracarbonyl(norbornadiene)chromium(0) was used as complexation reagent in the synthesis of tetracarbonylchromium chelate complexes of dppe, dppb, dppf, DIOP, BINAP, and Tol-BINAP. In all cases the reactions took place under mild reaction conditions with excellent, almost quantitative yields. X-ray crystal structure analyses of the dppf and BINAP tetracarbonylchromium(0) complexes are presented.
Introduction
Diphosphanes are an important class of ligands in organometallic chemistry and have found wide applications, especially in catalytic reactions. [1] [2] [3] In the last years chiral diphosphanes have been proven to be versatile tools for asymmetric metal catalyzed reactions. Most prominent examples in this context are atropisomeric chiral ligands such as 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (BINAP) complexes, both enantiomers of the ligand are now commercially available.
In connection with our interest in chiral complexation reagents we recently found that diphosphine tetracarbonychromium complexes can be obtained in very high, often quantitative yields by treatment of the ligands with tetracarbonyl(norbornadiene)chromium(0) (2). 4, 5 Here we report an improved synthesis of some known complexes of this kind, and in addition, high yield preparations of some new, chiral diphosphane tetracarbonylchromium complexes are presented.
Werner and Prinz found that heating a mixture of dppe and hexacarbonylchromium under milder reaction conditions in boiling dioxane (101 °C) for 20 h gave the unchelated bimetallic complex in 55% yield, some 3 has been obtained as a side product. 7 3 has also been obtained by reaction of the ligand with Cr(CO) 6 under microwave irradiation at 180 °C within 30 s in 86% yield. 8 Using 2 instead of hexacarbonylchromium as the complexation reagent in THF at 50 °C gave an almost quantitative yield (99%) after only 30 min reaction time (Scheme 1). Recently, a detailed FT-IR kinetic study of this reaction has been published independently. 
Scheme 1
Similarly, it was possible to coordinate 1,4-bis(diphenylphosphino)butane (dppb). Upon treatment with 2 in THF at 65 °C for 60 min a 97% yield of the seven-membered ring complex 4 was isolated (Figure 1 ).
10,11
Fe P Cr(CO) 4 Complex 5 crystallizes in the monoclinic space group P 21/n with 8 molecules (4 pairs of enantiomers) in the unit cell. Presumably, crystal packing causes two slightly different molecular geometries. Chelation causes the cyclopentadienyl rings not to be completely parallel, they show a slight ring tilt of about 5° thereby locating C-1 and C-6 a little bit closer to the iron atom than to the other cyclopentadienyl carbon atoms. The cyclopentadienyl rings are almost planar. The ferrocene conformation is characterized by a rotation of 15° of the cyclopentadienyl rings, a value half way between the eclipsed (0°) and the staggered (36°) conformation. Compared to the known structure of the corresponding tetracarbonylmolybdenum complex, 15 almost all differences can be explained by the smaller radius of the chromium atom.
In 1972 Kagan has introduced the historically important chiral diphosphane, 16,17 which can be coordinated at Cr(CO) 4 using 2 in boiling THF to give the seven-membered chelate 7 as a pale yellow, crystalline solid in excellent yield (99%) (Scheme 2). 2,2′-Bis(diphenylphosphino)-1,1′-binaphthyl (BINAP) (8a) is among the most prominent ligands used in asymmetric catalysis. [18] [19] [20] The reaction of (R)-BINAP (R-8a) with 2 gave the (R)-BINAP tetracarbonylchromium complex (R)-9a in almost quantitative yield as a yellow crystalline material (Scheme 3), which rapidly decomposes when exposed to air. A short time after our first synthesis of this interesting complex Chauvin reported the observation of 9a by 31 P NMR and IR spectroscopy within a reaction sequence involving the treatment of methylated BINAP with KHCr(CO) 5 . packing effects the structure does not show C2 symmetry. The chromium atom displays a distorted octahedral coordination geometry, due to the P,P bridge all angles deviate by 1° to 12° from the ideal octahedral geometry. The axial CO ligands are bent away from the BINAP ligands by 23°. The average bond length of the Cr-P bonds (2.415 Å) is rather similar to the corresponding one in the dppf complex 5. The torsion angle between the planar naphthyl rings is about 77°. The comparison with the structure of the cationic rhodium (R)-BINAP norbornadiene perchlorate complex shows a deviation of the torsion by only 3°, although this complex has a square planar coordination geometry and a larger metal atom. In some reactions 2,2′-bis(di-p-tolylphosphino)-1,1′-binaphthyl (Tol-BINAP, 8b) is preferred over BINAP, because Tol-BINAP is less easily oxidized. In an attempt to prepare the tetracarbonylchromium(0) complex of (R)-8b the ligand was treated with 2 in boiling THF for 30 min to give a 99% yield of the complex (R)-9b, which was obtained as a yellow, crystalline, airsensitive material (Scheme 3).
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In conclusion, we have shown that (norbornadiene)tetracarbonylchromium(0) (2) is an excellent reagent for the formation of diphosphane tetracarbonylchromium(0) complexes, which were obtained in very high, often quantitative yields under comparatively mild reaction conditions without the formation of non-chelated bimetallic complexes as side products. We currently investigate the chemical properties of these complexes in our laboratories.
Experimental Section
General Procedures. All operations were performed in flame-dried reaction vessels in an argon atmosphere using the Schlenk technique. Halogen-free solvents were distilled from sodiumpotassium alloy / benzophenone. Dichloromethane was distilled from calcium chloride. PE = petroleum ether, TBME = tert-butylmethyl ether. 1 Column chromatography: Silica gel (J. T. Baker, 40 µm) was degassed by heating with a heat gun at reduced pressure followed by setting under normal pressure with argon. This sequence was repeated five times. Separations were performed using flash chromatography.
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Preparation of diphosphane tetracarbonylchromium(0) chelate complexes. General procedure (GP). Diphosphane (1 equiv.) and tetracarbonyl(norbornadiene)chromium(0) (2) 4,5 (1 equiv.) in THF were stirred at the given temperature until 2 cannot be detected by TLC. The reaction progress is also indicated by a color change from orange-yellow to pale yellow or colorless. After removal of the solvent at reduced pressure the product is purified by column chromatography on silica gel.
Tetracarbonyl[1,2-bis(diphenylphosphino)ethane]chromium(0) (3).
6 GP, 1,2-bis(diphenylphosphino)ethane (dppe, 1; 466 mg, 1.17 mmol), 2 (300 mg, 1.17 mmol) in THF (100 mL), at 50 °C, 30 min. Column chromatography (length 30 cm, Ø 3 cm; TBME/PE 1:10 to 1:2). Pale yellow crystals 3 (651 mg 1.16 mmol, 99%); mp 211 °C. The spectroscopic data (IR, 1 H NMR, 13 C NMR, MS) of 3 are identical with those reported. 25, 26 Tetracarbonyl[1,4-bis(diphenylphosphino)butane]chromium(0) (4). 10 Crystal structure analysis of 5. 
